This study examines the identification of unusual cell popumetry; comparative cell morphology; unusual cell population highly associated with lymphoma cells (UCP-L) lations highly associated with lymphoma cells (UCP-L) in diagnostic biopsy specimens using three-color flow cytometry (3-FCM). Patterns of surface antigen expression were used to compare the morphology of distinct lymphoid cell populations as a marker of clonality is often hampered by non-specific found to contain UCP-L. In B cell lymphoma, the incidence of background staining. For T cell malignancies, no convenient
mens in the diagnosis of acute and chronic leukemias. [1] [2] [3] cases of non-specific reactive hyperplasia of lymph nodes.
The majority of the cases were obtained from hospitals in the Miyagi-Prefecture in Japan from November 1991 to July 1995.
CD68 PG-M1 DK IHC
Fresh biopsy material from all cases was divided and submit- (Giemsa and Papanicolaou stain) and electron microscopy. The antibodies used for 3-FCM are listed in Table 1 . Cell susf, FITC; e, PE; c, PerCP; b, biotin.
pensions were obtained by cutting and teasing unfixed biopsy material in phosphate buffer saline (PBS) and washing twice in PBS. Following this, approximately 5 × 10 5 cells were incuScattergram and fluorescent signals were collected in linear mode and logarithmic scale, respectively. The instrument was bated with monoclonal antibodies or non-immune ␥-globulins (mouse or goat) as negative controls in the combinations set up with CaliBRITE beads (Becton Dickinson Immunocytometry Systems, Braintree, MA, USA). In this study, we first designated as panels (Pn) in Table 2, 19 for 30 min at 4°C in the dark. Fluorescein isothiocyanate (FITC) and phycoerythrin acquired a whole cell population without live gating ( Figure  1a ). Since dead cells were not identified by fluorochrome (PE) were directly conjugated to the monoclonal antibodies. Peridinin chlorophyll protein (PerCP) was either directly constaining, live gating on medium to large lymphoid cells was employed in all cases to obtain the data from cells considered jugated or indirectly labeled with biotin-conjugated antibodies and streptavidin-PerCP as a second step reagent. After to be viable and to discard data of cell fragments and smallsized lymphocytes to confirm the character of the larger cell the incubation period of 20 min, the cells were washed twice in PBS and the data from 10 000 cells were first acquired using population ( Figure 2b ). The acquired data were examined by a multicolor gating a FACScan flow cytometer equipped with an air-cooled Argon laser emitting 15 mW at 488 nm and FACSCAN software.
procedure using PAINT-A-GATE software (Becton Dickinson Immunocytometry Systems). Cubic representations were gentories, Kawagoe, Japan; Sankyo Company, Tokyo, Japan). Chromosomes were banded by a trypsin-treated Giemsa stain erated to assess more easily the co-expression of three antigens. UCP-L was defined as a population that has a larger and karyotyped according to the ISCN (1991 HindIII. The digested DNA was then processed by the method (4) reactive lymphocytes and significantly increased population of cells expressing a phenotype that is rare or absent in of Southern, and hybridized to 32 P-labeled DNA probes. 22 Immunogenotyping was performed using probes for detection reactive lymph nodes. Altered antigen expression was assessed visually on the flow cytometer display by comparing of C␤ (C␤1 and C␤2) genes of the human TCR ␤ chain, J␥ (J␥1 and J␥2) genes of the TCR ␥ chain, J␦1 gene of the TCR fluorescence intensity with usual patterns in admixed reactive lymphocytes in the same specimen. In all cases, the cell mor-␦ chain, J H gene of the immunoglobulin heavy () chain, C gene of the kappa chain and C gene of the lambda chain phology was also examined on two-dimensional scattergrams by forward scattergram (FSC) and side scattergram (SSC).
(Biomedical Laboratories, Kawagoe, Japan). Bcl-2 rearrangement was examined in follicular lymphomas using both mbr Lymphocyte, granulocyte or epithelial lineages were assigned using Pn1 and 2. B lymphocyte, T lymphocyte, NK and mcr probes, and integration of HTLV-I was confirmed in cases positive for HTLV-I antibody. cell and other antigens associated with activation or adhesion were examined in Pn3-7, Pn7-13, Pn13, 14 and Pn14-16, respectively. To avoid false positive signals due to nonspecific reactivity or Fc receptor binding in the analysis of surResults face immunoglobulins, surface immunoglobulin-positive cells were classified as B lymphocyte-lineage by co-expression of Amount of biopsy material and time required for 3-FCM CD19 and/or CD20 and light chains in Pn3, Pn4 and Pn5. In these panels, CD19 and CD20 antibodies were mixed to minimize the influence of aberrant loss of either or both antiTo obtain cell suspensions for the 17 antibody panels used in the study, we routinely used fresh biopsy material of greater gens in lymphoma cells. Early stage B lymphocyte differentiation was examined in Pn6. In Pn8 and 9, pan-T cell antigens than a 0.5 cm 3 volume, estimated to contain at least 2.4 × 10 8 cells. For smaller biopsy specimens, a 0.3 cm 3 volume of and its subset antigens were combined for the detailed characterization of T lymphocytes. CD5
+ B lymphocytes were evalutissue, estimated to contain 5.2 × 10 7 cells, was sufficient for complete analysis provided that fibrosis or necrosis was miniated in Pn7, and subsets of either CD4 + or CD8 + T lymphocytes were examined in Pn11 and Pn12. Additional mal. However, 19 cases could not be analyzed by 3-FCM because of massive necrosis, extensive fibrosis or insufficient combinations were employed to make the correlation of phenotypic expression in lymphoma cells more clear in some numbers of cells. The entire procedure was routinely completed in less than cases. All antibodies (Pn1-Pn16) were applied in over 80% of cases. In those cases having fewer cells for analysis, a limited 3 h, provided the amount of biopsy material was adequate. A longer period of time was required to acquire data from study was undertaken but always included Pn1, Pn3, Pn6-9 and Pn13.
smaller specimens, particularly in the live gate mode.
Leukocyte populations in reactive lymph nodes Immunohistochemistry
The antibodies used for immunohistochemistry are listed in
We examined 72 cases of reactive lymphoid hyperplasia for UCP by 3-FCM. T and B lymphocytes represented the major Table 1 . Thin cut tissue fragments, approximately 7 × 7 × 1 mm in size, were fixed in PBS with 1% paraformalcomponents and were mixed in various proportions (Table 3) . Their cell size distribution overlapped almost completely dehyde at 4°C on a shaker for 1.5 h, washed in PBS with 20% sucrose at room temperature overnight, then snap frozen in (Figure 2 ). The number of ␥␦ T lymphocytes, expressed as a percentage of the whole T cell population, ranged from 0 to acetone at −70°C in a freezing machine (Shiraimatsu, Tokyo, Japan). An avidin-biotin peroxidase method with methyl green 17.2%. Most cases, however, contained less than 8% and sometimes no ␥␦ T cells could be identified using 3-FCM. counterstaining was employed to stain sections using the monoclonal antibodies listed in Table 1 but their sum comprised less than 3% of the total CD45-positive population (Table 3) . Lymph nodes from cases of nonspecific reactive hyperplasia had no granulocyte or monocyte populations as defined by the sensitivity of 3-FCM analysis, Cytogenetics even when monocytoid B lymphocyte infiltrates could be easily identified on histologic sections. Cytogenetic studies were carried out according to a standard technique. 20 Small pieces of the tissue were preserved in RPMI In all cases, B lymphocytes defined by the co-expression CD19 and/or CD20 and light chain expression showed a mix-1640 at 4°C for 20 h for transportation. They were then minced, and single cells were cultured overnight in RPMI with ture of kappa-and lambda-positive cells in various ratios ranging from 0.67 to 2.05 (Table 3) . However, the percentage of 15% fetal calf serum without mitogen (Biomedical Labora- Table 3 Ratio or percentage expression of the results in reactive by these methods. phocytic lymphoma, mantle cell lymphoma and follicular rare populations or that are absent in non-specific reactive lymphoid tissue included two cases that co-expressed CD10 lymphoma, the distance of peaks between the UCP-L and reactive lymphocytes was much shorter (Figure 3a, b and c) , and CD19, one of which also expressed surface immunoglobulin, and 21 cases that co-expressed dim CD5 and and in two of four small lymphocytic lymphomas and 10 of 21 follicular lymphomas analyzed, the UCP-L and reactive CD22/CD20. Within the group of CD5 expressing cases, all showed light chain restriction and in all but a single case of lymphocyte forward scatter peaks did not differ significantly.
In T and NK cell lymphomas, the peaks of UCP-L cell size blastoid variant of mantle cell lymphoma, CD5 expression was dimmer than that of reactive T lymphocytes present in distribution histograms were also larger than reactive lymphocytes but the width of the UCP-L cell size was variable. When the lesion (Figure 3b and Figure 4 ). Southern blot analysis and cytogenetics were performed in subpopulations of CD4-positive T lymphocytes were compared, a difference in the peak of cell size distribution many of the 202 cases of B cell lymphomas. (Figure 3h ). The comparison could not be performed in the remaining 17 cases genetic abnormalities were also seen. Within the subset of B cell lymphomas that were confirmed as clonal proliferations, because the number of CD4 + CD45RA + CD29 + reactive T cells was usually too small for accurate comparison.
UCP-L was found in 73%, similar to the frequency of UCP-L in the B cell lymphoma group as a whole (Table 6 ). Most UCP-L showed a 'lymphoid appearance' defined by relatively high FSC and low SSC signal profiles (FSC high SSC low ) on two-dimensional scattergrams (Figures 1 and 3) . In other words, the UCP-L had slightly higher but nearly identical SSC UCP-L in T cell and NK cell lymphomas signals as reactive lymphocytes, and had larger and wider distributions in cell size as defined by FSC (Figures 1 and 3) . The
In T cell lymphomas, UCP-L were found in 77% of cases. Nearly all T lymphoblastic lymphoma (T-LBL) cases showed UCP-L in three cases of HTLV-I-positive T cell lymphoma, two cases of large anaplastic lymphoma and in one case of periphalterations in expression of one or more of the markers CD2, CD3, CD5, CD7 and CD45. The most striking alterations, seen eral ␥␦ T cell lymphoma 23 showed rather high SSC signals (FSC high SSC high ). The scattergram was also found to be useful in 90% of T-LBL, were diminished expression of CD45, CD5 and/or increased expression of CD7 (Table 5B) . Low to distinguish cell fragments or necrotic tissue fragments from the lymphoid cell component, because the former usually expression of CD45 was most frequently associated with the stage of relatively immature thymocyte phenotypes. Low showed lower FSC and higher SSC signals (FSC low SSC high ) (Figure 1) . expression of CD5 is seen in T-LBL of any stage of thymocyte phenotype. Cytoplasmic CD3 could also be identified In 27 of 314 non-Hodgkin and Hodgkin lymphoma cases (8.6%) it was impossible to obtain a sufficient number of cells ( Figure 4 ). Abnormal increases in cells with phenotypes that constitute for analysis (B cell lymphoma, 13 cases; T cell lymphoma, one case; NK cell lymphoma, two cases; and Hodgkin's disrare populations or are absent in non-specific reactive lymphoid tissue, were seen in 13 cases. These included one case ease, eight cases), due to small specimen size, fibrosis or necrosis. In addition, we detected UCP-L in nodal lymphomas that expressed CD34 + , 19 five cases that co-expressed CD4 and CD8 (CD1
in lymphoblastic more frequently than in extranodal lymphomas, 80 and 47%, respectively. This is likely because most of our cases of lymphoma and two cases with the phenotype TCR␣␤ − CD3 + TCR␥␦ + in peripheral T cell lymphoma. CD30-extranodal lymphoma were obtained from the gastrointestinal tract by endoscopy. The amount of material obtained in these positive populations could be detected in five of eight cases of large anaplastic type. The remaining three cases of anaplastic cases was often small and usually contained an abundance of non-lymphoid elements such as epithelium or connective lymphoma that could not be detected by 3-FCM showed small numbers of CD30-positive cells infiltrating lymph node tissue. In cases of extranodal lymphoma, in which sufficient number of cells could be obtained Table 4A . In total, we phomas in the presence of necrotic fragments. These lymphomas showed a predominant cell population with the detected UCP-L in 68% of B cell lymphomas. Light chain restriction was detected in 47% of all B cell lymphoma cases phenotype CD2 + CD56 + CD57 − . The markers, CD11b and CD7 were expressed to a variable extent in NK cell lymphomas, and varied according to the histologic type. For those B cell lymphomas in which light chain restriction could not be but CD8 and CD16 expression was not seen in this study. Sixty-three of T cell lymphomas were studied by Southern demonstrated, 42% showed alterations in B cell antigen expression, most commonly with the markers CD19, CD20 blot analysis and 49 demonstrated clonal TCR gene rearrangements. Clonal cytogenetic abnormalities were seen in 29 of and CD22 or HLA-DR and CD45. Rarely, brighter expression of CD38 was seen. Interestingly, altered antigen expression 38 cases that had analyzable metaphases. UCP-L were found in 78% of T cell lymphomas confirmed as clonal proliferwas observed most frequently in diffuse large cell lymphomas, the group with the lowest frequency of detectable light chain ations ( Table 6 ). The presence of azurophilic granules by Giemsa stain of restriction. The frequency of aberrant loss, dim or bright expression of the antigens is summarized in Table 5 . Abnortouch smear and electron microscopy, and an absence of T or B cell gene rearrangement was confirmed in nine cases of mal increases in cells expressing a phenotype that constitute Table 4 Frequency of UCP-L in malignant lymphoma NK cell lymphoma. Eight cases of these had UCP-L (89%), Discussion similar to the total frequency (Table 6) .
A cubic representation of cell populations by multicolor gating with the PAINT-A-GATE software in 3-FCM was useful to UCP-L in Hodgkin's disease identify UCP-L, although the dimensions of X-Z and Z-Y axes are somewhat difficult to visualize because of their rhomboid shape. The software also made it possible to compare directly In Hodgkin's disease, we detected a small but distinct population of CD30-positive cells in only one case. This case had the cell size of admixed reactive lymphocytes and UCP-L by overlaying their respective FSC histograms using different colan abundance of Hodgkin and Reed-Sternberg cells and little fibrosis or granulocytic infiltrates. In all other cases, a nonors. UCP-L as defined by 3-FCM does not allow direct examination of the lymphoma cell population. However, we found specific reaction pattern in the lymphocyte subpopulation was seen. This result indicates that 3-FCM does not usually detect UCP-L to be highly associated with the presence of lymphoma cells in the lesion because no UCP-L were found in nonlymphoma cell populations over a few percent as in ReedSternberg cells in Hodgkin's disease.
specific hyperplasias of lymph nodes. In this study, the peak cCD3, cytoplasmic CD3 ( Figure 4) ; NE, not evaluated because of positive surface CD3 by 3-FCM. ing the size of the UCP-L because the size of lymphoma cells may also change depending on the site or condition. Thus, the reactive cell population, which frequently skews lymphoma marker analysis when expressed as a percentage by single or of the cell size distribution histograms of B and T lymphocytes or kappa-and lambda-positive B lymphocytes almost comtwo-color FCM, can be used to advantage in the identification of UCP-L by 3-FCM. pletely overlapped in reactive lymph nodes. In contrast, nonHodgkin lymphoma biopsy specimens almost always conLight chain restriction is strong evidence for monoclonality in B cell lymphomas. 26, 27 Our study showed that 48% of B tained cell populations showing immunophenotypic aberrancy, widening of the FSC histogram and a clear shift cell lymphomas expressed monotypic surface immunoglobulin and were of a larger cell size as defined by the FSC histotowards a larger size compared with the reactive cell population. The widening of the FSC histogram and shift to a larger gram. A higher incidence of light chain restriction was found in most low-grade lymphomas, especially follicular (71%) and cell size defined UCP-L and likely reflects a fundamental property of lymphoma cells. mantle cell (91%) types. Another low-grade lymphoma, small lymphocytic type of the eye or orbit, showed only a 60% inciThe volume/size of normal lymphocytes and neoplastic lymphoid cells has been studied in detail using FCM by Braydence of light chain restriction. However, it is difficult to know the true incidence of light chain restriction in our group lan et al 24 and Diamond et al. 25 These studies, like ours, also of small lymphocytic lymphoma because in Japan, as commed using single or two-color methods. The advantage of 3-FCM is that four patterns of antigen expression, negative, pared to North America, the incidence of this lymphoma is much lower and as a result we analyzed only five cases. One dimly positive, positive and brightly positive, are analyzed for each of the three co-expressed markers. Hence, there are 64 reason for the lower overall incidence of light chain restriction in our group of B cell lymphomas, compared to an immunohipossible reaction patterns for cell populations analyzed by 3-FCM, in contrast to only 16 by 2-FCM. This increase appeared stochemistry study by Picker et al. 26 (67%) may be that we stained for surface immunoglobulin alone while immunohisto be sufficient to detect subtle phenotypic alterations in lymphoma cells as UCP-L. Also, the 3-FCM technique permitted tochemistry can detect cytoplasmic expression as well. Another reason is difficulty in comparing the two kinds of the detection of infrequent lymphoma cells in a predominantly reactive population, which is difficult or frequently not fluorescence dye, FITC for kappa and PE for lambda chain, because they sometimes show background or non-specific possible with immunohistochemistry. 26 Comparison of subpopulations of CD4 + cells as defined by reactions to varying extents. In cases lacking light chain restriction, altered antigen expression was used to identify CD45RA and CD29 expression was useful in 13 of 30 cases (43%) of T cell lymphoma, but the frequency was not high. UCP-L. Of interest, altered antigen expression was identified most frequently in diffuse large cell lymphomas, the group
The main reason is that there were not sufficient CD45RA-positive T lymphocytes admixed in the lymph node to comhaving the lowest incidence of light chain restriction.
Alterations in CD20 expression have been shown to correpare with UCP-L. Although we did not apply a live gate procedure to acquire all CD4-positive cells in this study, the late strongly with lymphoma by FCM and in CLL, 28 and direct comparison of altered CD20 expression with light chain approach would permit the application of this antibody combination (CD4-CD45RA-CD29), to a large number of T cell expression is a useful method to demonstrate light chain restriction. Although the kappa ț lambda ț (CD19 and CD20) lymphoma cases. The approach to detect neoplastic NK cell-lineage cells in combination (Pn1) we used did not permit direct comparison of CD20 with light chain expression and consequently may the lymph node is different from that in T or B lymphomas. Because lymph nodes usually have few NK cells, an increased have also contributed to the lower incidence of light chain restriction in our study, the CD5 ț CD22 ț CD20 combinumber of NK cells would also suggest a possibility of lymphoma or leukemia, except for increased CD57 + NK cells in nation (Pn7) allowed us to identify alterations in CD20 expression as UCP-L in 13.9% of cases. The incidence of Hodgkin's disease. However, although it is difficult to compare UCP-L with NK cell markers with normal NK cells, we UCP-L detection in B cell lymphomas increased from 48% by light chain restriction alone to 69% when combined with the found it possible to identify NK lineage cells with a larger size distribution than admixed T or B lymphocytes. Direct comfinding of altered expression of B cell antigens, especially CD20.
parison of UCP-L with NK markers and normal NK cells may be possible if the method is extended to include evaluation The admixture of PerCP-labeled antibodies against immunoglobulin in Pn1-3 was useful to evaluate immunoof bone marrow and peripheral blood. Our 3-FCM method had limited applicability in the analysis globulin expression exclusively on reactive B lymphocytes. However, in reactive lymph nodes, the sum of kappa-and of Hodgkin's disease and in cases having an extremely low content of neoplastic cells such as IBL-like T cell lymphoma, lambda-positive cells was often less than the total number of B cells defined by the antibodies to CD19 and CD20. This T cell-rich B cell lymphoma or lymphocyte/lymphoid cells infiltrating in skin or other extranodal sites. Often such cases phenomenon may be caused by the presence of dead cells or germinal center cells that show weak expression of immunocontain a large amount of connective tissue fragments leading to non-specific fluorescent signals. Expression of CD69, globulin. 26 Picker et al 26 reported that 25% of B cell lym-CD71, CD44, CD11a and CD54, which was seen in variable frequency, does not seem to be useful in identifying UCP-L. phoma/leukemia cases lacked expression of one or more of the pan-B cell antigens CD19, CD20, CD22 or MB-1, and that It may be useful in the future to correlate expression of activation or adhesion molecules by UCP-L with the clinical 76% of cases of T cell malignancies manifested loss of one of more of the pan-T antigens CD7, CD5, CD3 or CD2 using behavior of the associated lymphomas.
The choice of immunophenotypic analysis by immunohisimmunohistochemistry on frozen sections. In a similar manner, Gaulard et al 16 identified bone marrow involvement in tochemistry or FCM may ultimately depend on the resources and preference of the laboratory investigator, because each 73% of T cell lymphoma cases. Immunohistochemistry in these settings is useful only when there is clear deletion of technique has advantages and disadvantages. 13, 14 However, our technique of 3-FCM to detect UCP-L is a rapid and useful antigens on the lymphoma cells because it is difficult to detect subtle changes in antigen expression and the simultaneous method that can be applied routinely in the diagnosis of most lymphomas. Moreover, the detailed phenotypic information expression of several markers cannot be evaluated directly by this method. 16 Immunohistochemical interpretation is also 3-FCM provides, even in cases where reactive cells predominate, may also lead to new insights into the biology of lymvery difficult in cases where the reactive population predominates.
phomas. Changes in the intensity of antigen expression, dim or strong on lymphoma cells as compared to the reactive cells, can be easily recognized by 2-or 3-FCM and has been proposed as
